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ABSTRACT

We review 139La and °3Cu NQR spin-lattice relaxation rates and specific heat measure-
ments as a function of temperature in La2__Sr_CuO4 for x ranging from 0 up to 0.3, with

articular emphasis, on the effect of doping on the Cu 2+ spins magnetic correlations. In the
_o_w doping limit, x < 0.05, the results can be interpreted consistently in terms of a simple

phenomenological "two-fluids" model whereby the effect of thermally-activated mobile O(2p)

holes is the one of disrupting locally the Cu 2+ spin correlations. For x _> 0.1, the results indicate

the onset, as T --_ T +_, of a strong coupling between Cu 2+ spins and the Fermi liquid of O(2p)

holes leading to the apparent disappearance of localized Cu 2+ moment in connection with the
opening of a superconducting gap.

INTRODUCTION

A central issue for the understanding of the microscopic mechanism leading to supercon-
ductivity in Cu-base high-T_, superconductors is about the interplay between the O(2p) holes
controllingthe transport and the effective Cu magnetic moments controlling the magnetic prop-
erties. In both La_0_Sr_,CuO4(LaSCO) and YBa2Cu300+_(YBCO) systems one can change, as
a fimction of composition, from a planar Heisenberg system of localized Cu 2+ moments into a

metallic system in which a strong coupling exists between the Cu _+ d-states and the itinerant

O-p states. The true nature of the Cu 2+ magnetic state and of its correlations in the latter
case is still a matter of debate.

NMR-NQR and relaxation measurements have provided enlightening information about the
above-mentioned problematic, particularly in the two systems YBCO and LaSCO. The studies

of spin dynamics in YBCO by s3'SSCu NMR-NQR have been recently reviewed. 1 Furthermore,

sgy2,3 as well as 1tO NMR 4-° have proved to be sensitive tools to test the properties of Fermi
liquid of O(2p) holes.

In this paper, we present a review of our 13°La and S3Cu NQR relaxation measurements

in LaSCO. 7 The results are analyzed in terms of a simple phenomenological model which leads

to a satisfactory classification of the magnetic correlation properties of the Cu 2+ d-states as a
function of St-doping and as a function of temperature.
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FIG. 1 Phase diagram for LaSCO

based on results of the present in-
vest,gat,on (see ['Left 7): (O) Meiss-
ner effect; (x) specific heat; (@)
NQR. The solid llne is the theo-
retical result, Eq. (12), in the text.

The phase diagram of LaSCO is shown in Fig. 1. For sake of simplicity, only our data
referring to the samples which were used in the present investigation are indicated. The bound-

ary between the paramagnetic (PA) and antiferromagnetic (AF) phase is obtained from NQR 7

and specific heat s measurements. The normal metal (ME)-superconductivlty (SC) boundary

is obtained from Melssner effect measurements/ The boundary between semlconductlng and
metallic phase is not defined by experimental measurements; in the subsequent discussion, we
will assume it to be around x = 0.05. The boundary between tetragonal and orthoromblc
structure is not indicated since it is not relevant for the purpose of our investigation. It should
be noted that there exist substantial agreement in the literature about tlle phase diagram of
LaSCO except that for two points:

(i) the magnetically ordered phase observed at low temperature for x > 0.01 can be either a
spin-glass phase or a disordered antiferromagnetic phase.

(ii) a coexistence of magnetic order and superconductivity has been reported for x > 0.05.
Although we also find this coexistence in both NQR. and specific heat measurements, we
tend to interpret it as due to phase separation.

In the analysis of NQR T1 data in LaSCO, it is useful to consider separately two ranges
of x-doping:

(i) moderate doping, namely x < 0.05 where the samples axe semiconductors and a transition
from the paramagnetic to an ordered phase is observed.

(ii) strong doping, namely x _> 0.1 or metmh
the superconducting phase.

region, where at T_ one has the transition to
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NQR Relaxation and Spin Dynamics

The 13°I,a NQR spin-lattice relaxation rates are obtained by monitoring the growth of the
magnetization due to the population difference between the 4- 5/2 _ -I- 7/2 levels, (frequency
separation in the range 18 + 19 MHz) after a saturating sequence of rf pulses. The same holds

for the 63Cu nucleus in terms of the + 1/2 _ -4- 3/2 NQR levels (frequency separation in the
range 35 + 38 MHz). The recovery process can be expressed in terms of relaxation transition
probabilities W which can be due, in principle, to two mechanisms:

(i) time dependence of the electric field gradient (EFG) components induced by lattice vibra-
tions and/or by defect motion (quadrupole mechanism)

(ii) fluctuations of the local hyperfine field h(t) acting on the nucleus and due to localized
and/or itinerant electron spins (magnetic mechanism).

It was found 7 that the dominant mechanism is the magnetic one except, perhaps, for l'_9La
around room temperature.

The dominant magnetic relaxation transition probability driven by the fluctuations induced

by the Cu 2+ electronic spins if(t) on the hyperfine field f_(t) = h_fl S(t) at the nucleus (*_aCu

or l_gLa) is:

WM = _'N < h+(O)h_(t) > exp(-iwnt)dt (1)

where con is the resonance frequency for a given pair of NQR levels and the z axis is along the
maximum component of the EFG tensor in its principal axis frame of reference. By introducing

collective spin components Sq., in the assumption of isotropic spin fluctuations, and by taking
into account that ton is much smaller than the characteristic frequencies of the spin fluctuations,

the spectral density in Eq. (1) can be rewritten: 9

j(wn,._O) i_. _21f z- =  '° ssJ < > dt
q

(2)

where hllff represents the hyperfine field at the nucleus for the rigid-lattice AF structure of

localized Cu _+ magnetic moments (namely for T _ 0 in the prototype system La_CuO4). The
result in Eq. (2) is valid only if the hyperfine field is weakly q and a(+,z) dependent. This

condition is fulfilled quite well for e3Cu and approximately at the la°La site. r''

By considering the relationship TM between WM and the experimentally measured spin-

lattice rates T_ -_, one derives from Eqs. (1) and (2):

1 f 1 IS_l =T_ -1 = -_A _ < Sg(O)S_q(tl > dt = -_A Z pq (3)
q q

where we have assumed that the isotropic collective spin fluctuations decay exponentially with

" and Ac_ = 37_. From the splitting of the NQRdecay rate Pq. Here, AL_ = 11.5 72L, h yf L,
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line below T/v, one obtains T_,b {h" '_
eSS]Lo

(h o
in La_CuO4 at 1.3 K one has TM k elI)Vu

_-- 0.1 Tesla(T) while from the °3Cu zero fleld-NMR

= 7.8 T, thus yielding

ALa = 1.61014 rad_s -_ (4a)

Acu = 9.10 lr rad2s -2 (4b)

In normal exchange-coupled insulating magnetic systems, the relaxation rate T_ -1 can be related

to the magnetic correlation length _ = k -1 in the framework of static and dynamic scaling: °

(5a)

(Sb)

where z and 7/ are characteristic critical exponents. 9 In the assumption f2" f3 _1 and 7? = 0
one has:

k d-2

T[I= A_-_ (6)

where F,: = w,k z is the frequency corresponding to the critical fluctuations and d is the lattice

dimensionality. In the limit of no correlation, i.e., T >> J/kB where J is the tteisenberg
exchange interaction one has:

rc _-- we = li 2 (7)

NQR in the Low-Doping Semiconducting Phase

In the region of moderate doping (x < 0.05) it was found rc'd that the 13°La T_ -1 data are

inconsistent with the predictions of Eq. (6) if one assumes that the correlation length is limited

by thermal fluctuations, i.e. _, c< (T- TN) -z'. On the other hand, the 13°La relaxation data can

be explained rc'a consistently if one assumes that the correlation length is limited by the presence
of the mobile 0(2p) holes. This corresponds to the assumption that the local time-dependent

correlation function of the Cu 2+ spins decays exponentially to zero because of "collisions" with
mobile defects rather than because of thermal fluctuations.

Then one can write, starting from Eq. (3):

rd "_ A'rd = Avon -1 (8)
TI1 = Arc'rd + 1 --

where we introduce a "collision" time rd = v,n -1 inversely proportional to the effective con-
centration n of mobile defects. The assumption F,.rd << 1 in Eq. (8) reflects the fact that the
magnetic correlation is limited by the defects rather than by thermal fluctuations.
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FIG. 2 lSnLa NQR spin-lattice relaxation rates vs. temperature in La2-rCuO4. (a) The
full lines are guides to the eye. The dashed line is the quadrupole contribution to

relaxation as estimated theoretically in Ref. 7c. The position of the peak (T11 vs.

T) corre.ponds to the temperature TN at which long range order sets in as reported

in Fig. 1. (b) Semilog plot of T_-1 vs T -1 used to obtain the activated law for the

concentration n of mobile charge defects (see Eq. (9).)

By fitting Eq. (8) to the _39La T_ -1 data for x < 0.1 (shown in Fig. 2), it was deduced 7_'a
that the concentration of mobile defects should follow a thermally-activated law

n(z,T) = zexp (-0.8#T) (o)

with an x-dependent activation energy E(x) = 0.85/x(°K). This implies that as the temperature
is lowered, well below _ 0.85/x(K) the mobile defects "freeze" and the magnetic correlation•
length is no longer limited by the defects thus allowing the system to order at TN (see Fig. 1).

The fit of the la°La T_ "1 yields r,i = 2.10 -is see rad -1 which corresponds to the inverse of the

exchange frequency, _,,_, defined in Eq. (7) for an exchange interaction J = 2700 K.

The present model leads to precise predictions rc,'t regarding the x and T dependence of
the correlation length _ and of the ordering temperature TN. Regarding _, one can note that

the correlation length can be thought as the average distance among defects, i.e., _ o¢ n -(x/'O
where d is the lattice dimensionality. Thus from Eq. (8), one has

T1-1 = Aro_ ¢2 (10)
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where A is given in Eq. (4), ru _- we as defined in Eq. (7) and we have taken d = 2 for the

CuO2 planes. From the experimental value for 139La T_ -1 (see Fig. 2), one derives for _ the
values shown in Fig. 3. The theoretical curve:

(o.85 
= -_exPk2xT ]

(11)

follows from our model and the result in Eq. (9). Regarding the x-dependence of TN, it appears
that the magnetic order sets in when the correlation length reaches a certain critical value _*
independent of concentration x. Setting _¢* = 100 lattice units in Eq. (11) and solving for T,
one has

0.85

TN(z) = 2x_n(100V_ ) (12)

The theoretical curve Eq. (12) is compared with the experimental values in Fig. 1.
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FIG. 3 In-plane magnetic correla-
tion in La2__.Sr_CuO4 at T = 77

K, in A, as derived from NQR T1

for lagl,a and _3Cu, according to

Eq. (10) (the value for nominally
pure La2CuO4 at T _ TN is also
reported) and comparison with the
results obtained through neutron
scattering (R. J. Birgeneau et at.
Phys. Rev. B 39, 2868 (1989).

It should be noted that in the analysis outlined above, the amplitude of the hyperfine

magnetic field at the nuclear site has been assumed x and T independent and given by h,,fy

(see Eq. 4). Therefore, the role of the mobile 0(2p) holes for x < 0.05 is only the one of
disrupting locally the strong AF correlations, without affecting the intrinsic magnetic moment

of the Cu 2+ ions. This corresponds to setting in Eq. (3) < S_ >= _- _-_--_< IS'q]2 > = 1.
q
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NQR in the High-Doping Metallic and Superconducting Phases

The NQR relaxation rates T_ -1 for both S3Cu and 13°La in samples with x > 0.1 are
characterized by a weakly temperature-dependent region at T > 100 K followed by a rapid
decrease as the temperature is lowered through the superconducting critical temperature T,
(see _"I _gs. 4 and 5). In order to analyze the data in these large doping metallic samples, one

should refer to expressions of T_ -1 in terms of an x and T dependent generalized susceptibility

x(q,w) describing the coupled system of Cu 3d and O-2p holes. 11-13 However, since a rigorous
treatment of this complex system is not yet available, we chose to interpret the data in terms
of our simple phenomenological model which still retains the main physical insights. Starting
from the "two fluid" model which appear to be valid in the low concentration semiconducting
limit, i.e., x < 0.05, we write:

2 2
T_ -1 = A < S_ > rd + AoX,(x,T)T (13)

where we neglect the weak q-dependence of the coupling parameter A for both °aCu and la°La
nuclei. Furthermore, the hyperfine interaction A should not change appreciably as a function of
temperature as indicated qualitatively by the almost constant value of the quadrupole coupling

frequency vq, which, just like A, depends on the symmetry and probability density of the

electronic wave function at the nuclear site. 14 The second term in Eq. (13) is the Korringa-type

contribution 14 related to the hyperfine interaction, A0, of SaCu (or laOLa) with the 0-2p Fermi
liquid described by the spin susceptibility Xs.

(a) e3Cu Spin-Lattlce Relaxation Rate

The 63Cu NQR relaxation rates are shown in Fig. 4 for x = 0.15 and x = 0.2. The solid

line in Fig. 4 is the theoretical behavior expected for x = 0.2 by using for T_ -1 the expressions

(8) and (9) corresponding to < S_ > = 1. With the value of Acu in Eq. (4b) and r0 = 2.10 -15

s, one has T_ -1 = 1.8 103/x in satisfactory agreement with the experimental results at high
temperature.

As the temperature is lowered, one has a dramatic difference between the samples wltb
low x and the ones at large doping. For x < 0.05, the relaxation rate becomes so short, that the

¢3Cu NQR signal is undetectable, conforming to the notion that the Cu 2+ spins retain their

localized character, i.e., < S_ > = 1. On the contrary, for x >__0.1, one observes a rapid decrease

of Tx-1 as T --* T, +, opposite to the behavior expected from the solid line in Fig. 4 indicating
that the "two fluids" model breaks down in this linfit.

The decrease of T_ -1 on cooling can be described phenomenologically as due to a decrease

of the degree of localization of the Cu 2+ spins associated with the coupling to the liquid of O-2p
holes. Since the contribution to the Cu relaxation rate from the carriers, second term in Eq.

(13), is negligible (see Fig. 4), one can derive the temperature dependence of < S_ >_ _q X(q,w

= 0) from Eq. (13) and the data in Fig. 4. The resultsare shown in Fig. 5(a). From the semilog

plot of h,;yf(x,T) _ 2 >1/2 T-_---- hcf f < ,S' z VS shown in Fig. 5(b) the temperature dependence

appears to be of the form exp (-A/T) with an activation energy which is correlated to T,: in
fact the ratio 2A/To is close to 3.5 as one would expect for conventional BCS mechanism with

gap 2A. 1_

405



10_

5---
0

Z

_-_102

101

O O pl

O
0

I

7

o eoo q) o 6)
TC(0-2) • a

Too o
FIG. 4 °3Cu NQR spin-latticeo relaxation rates T_ "1 = 6 WM

o ,_ Tc(°'ls) vs. temperature in La2-zSr_Cu04
o.o. fo. Io) = o.2; = o.15.
o A few data from K_ Ishida et

. =- a]., J. Phys. Soc. Jpn. 58, 36
_o . " " .I (1989) are reported for comparison

o .._._ _=3T (D). The dashed llne represents the

Korringa-like contribution extrap-
olated from low temperature data
(x) in x = 0.4 (Ref. 21). The solid
line is the behavior expected from
Eqs. (8) and (9) for a fully localized

moment, i.e.,< S_ > = I.

I I l 1 1 I I l L

20 40 60 8O
T(K)

It should be emphasized that the physical interpretations of the decrease of < S_ > remains

an open question. One could speculate that the apparent disappearance of the Cu _+ local
moment could be just a way to describe the "quenching" of the local moment susceptibility due
to the strong coupling with the conduction charges, a problem reminiscent of the Kondo effect
found when a magnetic impurity is dissolved in a normal metal.

(b) IS°La Spin-Lattice Relaxation Rate

The 139La NQR relaxation rates are shown in Fig. 6 for x = 0.2. The quadrupole contribu-

tion to the relaxation rate can be neglected in this temperature range:' (see Fig. 2a). Therefore,

one can use Eq. (13) to describe the two dominant relaxation mechanisms for la°La. By using

the results by Kobayashi et al.le, for x > 0.3, one estimates for the lagLa Korringa term in Eq.
(13), 2 2 s-IK-1A,X_ = 4.10 -2 (a renormalization by a factor 10 is taken into account in this

estimate because of a different definition of T1 in terms of WM used in Ref. 16). Two theoretical
curves have been drawn in Fig. 6 to be compared with the experimental data. The first one

(upper curve) is obtained by using Eq. (13) with the < S_ > extracted from the results for 63Cu

(see Fig. 5(a)), A from Eq. 4(a), rd 10-14x/(s.rad-1), and 2 2= AoX . = 4.10-2s-1K -I as given
above. The second curve (lower curve in Fig. 6) isobtained as before, except for the scaling

of the spin susceptibility in Eq. (13), according to X,(a:, T) = X °, < S_ >112. This assumption
takes into account the coupling of the Cu 2+ spin with the O2p holes within the framework of
our simple description. Because of the large uncertainty in the experimental results, it is not
possible to decide which of the two descriptions is more appropriate. However, in either case,

the temperature dependence of lS_La NQR relaxation for large x reflects unambiguously the

temperature dependence of the localized Cu 2+ magnetic moment in the same way as for °3Cu
NQR Tl.
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FIG. 5 (a) Temperature dependence of the normalized local Cu 2+ spin moment, (< S_ >)1/2,
in La2 _¢SrrCuO4 for x = 0.2 and x = 0.15 as obtained from the experimental data

for °3Cu NQR T1 (Fig. 4) according to Eq. (13) in the text. Note that T,,(0.2) = 20
+ 5K and To(0.15) = 35 + 5K.

(b) Semilog plot of h,//(x,T ) 0 _ >)1/_ vs.= h,/f(< S, 100/T obtained by using the

0 - 7.8 T. Thetemperature-dependence of < S_ >1/2 shown in part (a) and h_,/y -

straight lines correspond to activation energies A (0.2) = 36 4- 3K and A (0.15) = 40
4- 10K. For x = 0.3 one obtains a more uncertain estimate of A around 10 K. In the

inset, the ratio 2A/To is shown as a function of x.
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Specific Heat Measurements

The samples with x = 0.01, 0.025, 0.05, and 0.1 show an anomaly in the specific heat which

can be ascribed to the onset of long-range magnetic order s (see Fig. 7). The corresponding
tran.qition temperatures, TN, derived from the position of the specific heat peak, are plotted in
Fig. 1. As can be seen, our results compare well with the ones obtained from other techniques
except for x = 0.1. The sharpness of the peak observed in the specific heat is more in favor of
a 3D antiferromagnetic transition, as in the prototype La2CuO4, rather than a spin-glass type
transition. It should be stressed that the anomalies reported here were not observed in tile

previous measurements, although a specific search for them does not seem to have been done. 17

At high and intermediate temperatures, the effect of substituting La with Sr should be
related mostly to the changes in the phonon spectrum) For T < 15 K and for x = 0.05 and

x = 0.025, there seems to be a hint of an x dependent broad maximum superimposed to the
background specific heat. This feature could be associated with the excitation spectrum of

the O-2p holes and/or the effect of the holes on the Cu 2+ spin magnetic correlations. The
contribution to the specific heat can be estimated in the framework of the heuristic model

roposed to explain the NQR results. In such a model, it is hypothesized that the electronic
oles are trapped at low temperature and become mobile with an activation energy Ea which

is inversely proportional to x. By assuming that the mobile holes behave as a classical gas of
noninteracting particles of concentration fi(x,T) one has:

C'--L"= E_ -- _ ) - (14)
kB aT _ x (1 + exp(-0.85/xT)) 2

where we have used for fi(x,T) the normalized expression (9):

xexp(-E./kBT)

fi(x,T) = 1 +exp(-E_/kBT) (15)

with E./kBT = b/xT (b=0.85 K). The theoretical behavior of Eq. (14) is compared with the

experimental data in Figs. 7a,b. Although the agreement is rather poor, one should keep in
mind that Eq. (14) was derived on the basis of an oversimplified model and that the parameters
found in the NQR analysis were used without any adjustment.
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FIG. 7(a,b) Specific heat vs. temperature in La2__Sr_CuO4 for two Sr concentrations compared
with the theoretical curve (Eq. (14) and (15) in the text) representing the contribution
of the thermally excited O 2p mobile holes.

SUMMARIZING REMARKS

It has been shown that in the superconducting La2__Sr_Cu04 a decrease on cooling of the

2+ aeffective C,u loc l spin moment occurs, possibly as a result of the pairing processes occurring in
the liquid of charge carriers. This reduction, for large doping (x > 0.1) is observable well above

T¢ and it is consistent with susceptibility is as well as #SR 19 measurements. The temperature

dependence of the effective Cu 2+ spin appears to be well-described by an activated law, with a

gap 2A correlated to T_. If the decrease of < S_ >1/2 is indeed related to the opening of a gap,
it is remarkable that the effect is observed well above To. Analogous "precursor" effects were

detected in YBCO (To = 61 K) in the temperature range 90 + 100 K, and interpreted in terms
of pair formation and energy gap beginning in the CuO2 plane above the three-dimensional

superconductivity. 1

Numerical studies of the 2D Hubbard model have produced results for the dependence

of the local spin moment from temperature and from the one-site repulsion U. 2_ If analogous

results could be obtained for the dependence of the Cu 2+ local spin moment from the coupling to
the thermally fluctuating Fermi liquid of O2p holes, they could be used for a more quantitative

comparison with our experimental findings.

An important debated issue regards the possible coexistence of superconductivity and

long-range magnetic order. Low temperature NQR spectra zx for x > 0.1 were interpreted as

indicating magnetic ordering, with reduced Cu _+ magnetic moments. However, more recent
6"_Cu NMR-NQR spectra 22 in aligned polycrystalline samples seem to rule out the existence
of a sizeable static hyperfine field at T = 4.2 K. The peak in the specific heat in the sample

at x = 0.1 (see Fig. 1 and Ref. 8) could also be interpreted in terms of a phase separation _,r
inhomogenity of the sample(the Meissner effect yielding T_ = 28 K for x = 0.1 is only partial,
i.e., _ 50%). Finally, no evidence of a static magnetic moment in La1.s5Sru.15CuO4 at T = 20

mK was found in the time evolution of the muon polarization function. 2a
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A comparison with recent findings by neutron scattering in LaSCO24and in YBCO25 is
in order. While T1 is sensitiveto the q-integrated generalizedsusceptibility in the MHz range,
inelastic neutron scattering yield, in principle, Xtt(q,w) in the whole frequency range, for a
selected wave vector. However, a frequency resolution limit around 1 meV has to be taken into
accol,nt, thus making difficult the comparison with the NQR relaxation rate. In particular,

neutron scatterin_ seems to indicate that around T_ the spin dynamics of the Cu 2+ spins un-
dergo a change: the normalized integrated intensity of the magnetic response function exhibits
a drastic decrease in the low energy range, while it is not T-dependent for energies larger than

about 15 meV, whereby the q-integrated spin is conserved. 25 Since no static hyperfine field at
the Cu site can be detected below T_, these modes would have to be interpreted as param-
agnons in a strongly correlated itinerant antiferromagnetic system without long range order. In

this case, the decrease of < S_ >1/2 observed by us (see Fig. 5) would have to be ascribed to
a progressive changeover from a diffusive correlation function centered at zero frequency into
an oscillatory correlation function having a power spectrum centered at _., thus far above the
NQR resonance frequency. The main conclusions regarding the temperature dependence of the

effective hyperfine interaction due to the Cu 2+ spins and of the spin susceptibility of the Fermi
liquid, with the precursor effects above T_ are not modified.

We mention that the physical picture at the basis of the interpretative model outlined in

this paper can be used consistently also to explain the °3Cu, SOy, and 170 NMR-NQR results
in YBCO-type systems, as it is discussed elsewhere. T_
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